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Summary
Microtubule plus-end tracking proteins (+TIPs) are struc-
turally and functionally diverse factors that accumulate
at the growing microtubule plus-ends, connect them to
various cellular structures, and control microtubule
dynamics [1, 2]. EB1 and its homologs are +TIPs that can
autonomously recognize growing microtubule ends and
recruit to them a variety of other proteins. Numerous +TIPs
bind to end binding (EB) proteins through natively
unstructured basic and serine-rich polypeptide regions
containing a core SxIP motif (serine-any amino acid-
isoleucine-proline) [3]. The SxIP consensus sequence
is short, and the surrounding sequences show high vari-
ability, raising the possibility that undiscovered SxIP
containing +TIPs are encoded in mammalian genomes.
Here, we performed a proteome-wide search for mammalian
SxIP-containing +TIPs by combining biochemical and
bioinformatics approaches.We have identified a set of previ-
ously uncharacterized EB partners that have the capacity to
accumulate at the growing microtubule ends, including
protein kinases, a small GTPase, centriole-, membrane-,
and actin-associated proteins. We show that one of the
newly identified +TIPs, CEP104, interacts with CP110 and
CEP97 at the centriole and is required for ciliogenesis. Our
study reveals the complexity of the mammalian +TIP interac-
tome and provides a basis for investigating the molecular
crosstalk between microtubule ends and other cellular
structures.*Correspondence: a.akhmanova@uu.nlResults
Identification of EB1 Partners by a Combination of Mass
Spectrometry and Sequence Analysis
To identify new end binding 1 (EB1) binding partners, we per-
formed GST-EB1 pull-down assays combined with mass
spectrometry using extracts of different cultured cells and
whole rat brain. Many SxIP (serine-any amino acid-isoleu-
cine-proline) containing plus-end tracking proteins (+TIPs)
as well as the CAP-Gly domain containing EB partners,
CLIP-170 and dynactin together with the associated dynein
complex, were identified by this method (Tables S1A and
S1C). We also overexpressed EB1, EB2, and EB3 with a GFP
and a biotinylation tag (GFPbio) together with biotin ligase
BirA in human embryonic kidney 293T (HEK293T) cells and
performed a streptavidin pull-down assay (Figures S1A and
S1C; Table S1D). There was a strong overlap of known SxIP
motif-containing proteins (17 out of 22) in the data sets
obtained with the two types of pull-downs. Almost all of the
known SxIP containing +TIPs (21 out of 22) could be found in
either of the pull-down experiments.
As a complementary approach, we performed a systematic
computational search for SxIP motif-containing proteins in the
human proteome. The [ST]-X-[IL]-P motif is present in one or
more copies in greater than 40% of human proteins. To refine
the search, we analyzed the composition of amino acids in the
region adjacent to the SxIP motif in 14 well-characterized EB1
partners (Figure S1D).We found that within the nine amino acid
stretch surrounding the SxIP consensus (X1-X2-[ST]-X3-[IL]-
P-X4-X5-X6), there are no acidic amino acids and at least
one basic amino acid is present at one of the positions
X1-X4. By using this contextual information (SxIP-9AA) and
taking into account that the SxIP-containing peptide should
be intrinsically disordered and evolutionarily conserved, we
narrowed down the list of potential EB1-binding SxIP proteins
to 833 entries (Figure 1A; see Experimental Procedures
for details). To rank these proteins, we calculated an ‘‘SxIP
score’’ by using a position-specific scoring matrix (PSSM),
which was based on the residue preference for each amino
acid position within the SxIP motif and the surrounding
sequences obtained by quantifying the interaction of purified
EB1 with an array of immobilized synthetic peptides [4](Table
S1E). Most of the known SxIP EB binding proteins (20 out of
22) were among the top 20% of proteins ranked by this
PSSM-based SxIP score (153/833, Tables S1A and S1E).
This suggests that the SxIP score provides a good indication
of the capacity of a protein to interact with EB1.
Next, we plotted the Mascot scores obtained in GST and
streptavidin pull-down assays against the SxIP scores of indi-
vidual proteins (Figure 1B; Figure S1E). A group of proteins,
which includes many known SxIP-containing +TIPs, such as
CLASPs, MCAK, STIM1, and MACF had both a high normal-
ized Mascot score (exceeding 0.5) and a high SxIP score
(exceeding 0.4, Figure 1B; Figure S1E). We hypothesized that
other proteins in this group might be EB-binding +TIPs and
set out to test this idea.
Based on the SxIP score, Mascot score, complemen-
tary DNA (cDNA) availability, and potentially interesting
Figure 1. Identification of EB1 Partners by Combining Biochemical and Bioinformatics Approaches
(A) Definition of the SxIP-9AAmotif and an overview of the bioinformatics screen for EB binding proteins. We performed a human proteome-wide short linear
motif (SLiM) search using the regular expression [ST].[IL]P. The motif instances were filtered based on the SxIP-9AA consensus, accessibility, and conser-
vation and then ranked.
(B) A plot of the normalizedMascot scores versus the SxIP scores of the proteins identified in GST-EB pull-down. The color codes for the dots are indicated
in the figure.
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further analysis (Table S1B). These 30 proteins included two
groups: 17 proteins or homologs of the proteins that had
both a reasonably high Mascot score in at least one of the
experiments (normalized Mascot score >0.1, Mascot score
>500) and a reasonably high SxIP score, and 13 proteins that
had a high or intermediate SxIP score but very low or zero
Mascot score (Table S1B). We generated GFP fusions of these
proteins and tested them for EB binding by GST pull-down
assay. As a control, we included DDA3, which was shown to
bind to EB3 but was not yet characterized as a +TIP [5]. We
also tested MT plus-end tracking of all GFP fusions by live
cell imaging and colocalization with endogenous EB1 in fixed
cells (see below). Most of the proteins that were identified by
both a high SxIP score and a high Mascot score could bind
to EB1 and also track growing MT ends in cells (Figure S1F;
Table S1B). Only two proteins, MARK1 and FAM181A, bound
to EB1 but showed no plus-end tracking when fused to either
N- or C-terminal GFP tag (Figure S1F; Table S1B). Among the
proteins identified solely on the basis of their SxIP score, we
found five EB1-binding and plus-end tracking proteins,
whereas the others did not bind to EB1 and showed no plus-
end tracking (Figure S1F). Taken together, we were able to
identify 22 novel EB binding proteins from 30 candidates,
and 20 of them could track growing MT plus-ends in cells(see below). We conclude that +TIPs comprise a much larger
group of proteins than previously recognized.
+TIPs Implicated in MT Binding and Organization
Among the previously described MT-associated factors iden-
tified in our screen, GTSE1 [6], tastin [7, 8], and DDA3, which
was previously shown to bind to EB3 [5], strongly accumulated
at growing MT ends (Figure 2A; Figure S2A). Interestingly, tas-
tin and DDA3 were the only two tested +TIPs that tracked not
only growing, but also depolymerizing MT ends (Figures 2B–
2E; Movie S1). Tastin and DDA3 have been shown to play
a role in controlling organization of mitotic spindles and to
bind to dynein-dynactin complex and the MT depolymerase
KIF2A, respectively [7, 9]. It is possible that ‘‘back-tracking’’
of tastin and DDA3 contributes to the binding of these motors
to depolymerizing MT ends within the spindle.
Another notable EB partner identified in our screen was the
mitotic kinesin-5 Eg5, a motor that plays an important role in
spindle bipolarity by sliding antiparallel MTs (see [10] for
review). An interaction of Eg5 with EB1 was observed in
extracts of both asynchronous as well as mitotically synchro-
nized cells and was somewhat enhanced when the Eg5 motor
was inhibited by S-trityl-L-cysteine (STLC, Figure S2B).
Although weak, this interaction was specific because it was
strongly reduced by mutating the Ile and Pro residues of the
Figure 2. +TIPs Implicated in MT Binding and Organization
(A) Schemes of the domain structures of EB binding proteins and the interactions between CEP104, CEP97, and CP110. Abbreviations: CC, coiled coil; LRR,
leucine rich repeat. The data on CP110-CEP97 interaction are derived from reference [14].
(B and C) Live cell images of GFP-tastin (B) and GFP-DDA3 (C) in COS-7 cells. The images are acquired with 500 ms exposure time at the indicated time
points.
(B) GFP-tastin showed a punctate localization along MTs, and when MTs were depolymerized, GFP-tastin puncta remained associated with shrinking MT
ends (arrowhead), where they gradually accumulated and could slow MT depolymerization.
(C) GFP-DDA3 was present in homogeneous comet-like accumulations at growing MT plus ends and shrinking plus and minus ends (see also Movie S1);
DDA3 had no significant effect onMT depolymerization. A depolymerizingMT plus-end is markedwith an arrowhead. A polymerizing MT end is marked with
an arrow.
(D and E) Kymographs illustrating the behavior of GFP-tastin and GFP-DDA3 at a depolymerizing (top) and growing (bottom) MT plus ends.
(F and G) Live cell images of the indicated GFP fusion proteins in MRC-5 (F) or COS-7 (G) cells. Panels on the left show the averaging of five consecutive
images acquired with 500 ms exposure time. Middle panels show the maximum intensity projections of four consecutive averaged images, shown in red,
green, blue, and then red again, respectively. Panels on the right show enlargements of the areas boxed in themiddle panel showing in alternating colors the
tracks of individual comets.
(H) Verification of the binding between CEP104 and CEP97/CP110 complex by coIP from extracts of HEK293T cells.
(I) GFP-CEP104 overlaps with the endogenous CP110 but not with centrin at the distal end of both centrioles in interphase U2OS cells.
(J) U2OS cells were transfected with either GFP-CEP97 alone or a combination of GFP-CEP97 and mCherry-CEP104. GFP-CEP97 is recruited to MT plus
ends by mCherry-CEP104.
(K) Western blots with the indicated antibodies showing that endogenous CEP104 can be effectively knocked down by two different siRNAs.
(L) Quantification of primary cilia numbers in control andCEP104 depleted serum-starvedRPE cells. Values significantly different from controls are indicated
by asterisks. **p < 0.01.
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1803single SxIP motif of Eg5 to asparagines (Figure S2B). We
observed weak but clearly detectable accumulation of Eg5 at
the growing MT tips in interphase cells (Figure 2F); however,
because of the much denser MT system and association of
Eg5 with the MT lattice, it was not possible to distinguish
a MT tip-bound Eg5 pool in mitosis. The affinity of Eg5 for
growing MT ends could be functionally relevant, because
Eg5 interacts with the abundant +TIPs dynein and dynactin
[11] and its yeast homolog was implicated in control of MT
plus-end dynamics [12].
Another newly identified +TIP was an evolutionary
conserved protein CEP104/KIAA0562 (Figures 2A and 2G),
which was previously shown to localize to centrioles [13].
Because of a potential importance of a MT regulator in
centriole assembly, we performed a secondary mass spec-
trometry-based screen for CEP104 partners and identified
CP110 and its binding partner CEP97 [14] as CEP104-binding
proteins (Figure S2C). We confirmed the interactions by coim-
munoprecipitation (coIP) and mapped the binding domains of
CEP104 for CP110 and CEP97 to two protein regions that did
not overlap with each other or the SxIP motif (Figures 2A and
2H; Figures S2D–S2G). We note that because all immunopre-
cipitations were performed using cell extracts, the interactions
might be indirect. We found that CEP104 colocalized with
CP110 at the distal end of the each centriole in interphase
U2OS, HeLa, and RPE cells (Figure 2I; Figure S2H; data not
shown). In ciliated RPE cells, CEP104 was never found at the
basal body but could be found at the adjacent daughter
centriole, similar to CP110 [14] (Figure S2I). In mammalian
cells, CP110 and CEP97 act as a ‘‘cap’’ at the distal end of
the centriole, which regulates elongation of the plus ends of
centriolar MTs [14, 15], but it is still poorly understood how
these proteins are connected to MTs. We found that when
overexpressed, CEP104 could efficiently recruit the normally
diffuse CEP97 to the growing MT tips (Figure 2J), suggesting
that CEP104 can mediate the connection between CP110-
CEP97 complex and dynamic MT ends. Depletion of CEP104
with two different siRNAs (Figure 2K) revealed no obvious
phenotypes in distribution or dynamics of EB1 and EB3, cell-
cycle progression and centriole number or length in U2OS
and RPE cells (data not shown). However, the ability of cells
to form cilia in RPE cells was reduced when CEP104 was
depleted (Figure 2L; Figure S2J). CP110 and CEP97 are
removed from the basal body during cilia formation [14], and
CEP104 possibly regulates the function of CP110-CEP97
complex when cilia outgrowth is initiated. This process might
involve EB proteins because they are required for cilia forma-
tion [16].
Membrane-Associated +TIPs
Among the new EB partners, we identified AMER2/FAM123A
(Figure 3A; Figure S2K), which was described as an APC
binding protein targeted to the plasma membrane by a lipid-
binding domain [17]. We found that AMER2 accumulated at
the plasma membrane through its N-terminal domain and at
MT tips through its C terminus (Figures 3A and 3B; Figure S2L).
Dual color imaging of GFP-AMER2 together with EB3-mRFP
in the vicinity of the cell cortex by total internal reflection
fluorescence (TIRF) microscopy showed that only a part of
EB3-mRFP-labeled growing MT ends were decorated with
GFP-AMER2, and such decoration was associated with
reduced MT growth rate (Figures 3B and 3C; Movie S2).
Because the plasma membrane is separated from the cyto-
plasm by the actin-rich cortex, we hypothesized that actinstructures form a barrier preventing MT tip-plasma membrane
interactions. Indeed, triple color live cell TIRF imaging showed
that actin structures could form obstacles blocking progres-
sion of AMER2-positive EB3 comets and that these comets
were present in regions with lower actin abundance than the
AMER2-negative ones (Figures 3D–3F). Actin depolymeriza-
tion with latrunculin B dramatically increased the number of
EB3-mRFP comets that were AMER2-positive (Figures 3G
and 3H; Movie S3), providing direct support for the view that
actin-rich cortex can prevent MT interaction with the plasma
membrane. AMER2 can potentially function as a MT-plasma
membrane linker and can also be a useful reporter of MT-
plasma membrane contacts.
Another +TIP implicated in membrane functions identified in
our screen was syntabulin, a protein involved in transport of
mitochondria and synaptic cargo in neurons [18] (Figure 3A;
Figure S2M). In cultured cells, GFP-syntabulin was enriched
at the mitochondria (Figure S2N) and concentrated at the sites
where MT tips colocalized with mitochondria (Figure 3I). Inter-
action of syntabulin with growing MT ends could potentially
promote cargo loading and transport by MT-based motors.
+TIPs Involved in Signaling, Actin-Binding,
and Other Functions
We identified three EB-binding kinases, MARK1 [19], TTBK1
[20], and TTBK2 [21] (Figure 4A; Figure S1F). Whereas
MARK1 showed no plus-end localization (data not shown),
TTBK1, a kinase previously shown to phosphorylate MT-stabi-
lizing protein tau [20], and its homolog TTBK2 robustly tracked
growing MT ends in a manner independent of their kinase
activity (Figure S3A; Figure 4B). At high expression levels,
TTBK1 decorated and bundled MTs, while TTBK2 was
diffusely located in the cytosol, a difference likely due to auto-
phosphorylation of TTBK2, because both kinase deadmutants
decorated MTs (Figures S3B–S3D). Overexpressed TTBK2
displaced EB1 from theMTs (Figure S3B), suggesting a poten-
tial role of TTBKs in regulating the association of +TIPs and
other MT-associated proteins, such as tau, with freshly poly-
merized MT ends.
We also identified a tip-tracking small GTPase, RasL11B,
which was previously implicated in embryonic development
in zebrafish [22] (Figures 4A and 4C). Interestingly, its close
homolog RasL11A contains a highly similar SxIP motif but
could neither track growing MT ends (Figure 4C) nor bind to
EB1 (Figure S1F), possibly due to an unfavorable sequence
context of the SxIP motif (Figure S3E).
An important +TIP function is formation of molecular
links between MT and actin networks. Among the newly
identified +TIPs, GAS2L1 and GAS2L2 proteins (Figure 4A)
were already implicated in MT and actin binding [23]. We
found that both proteins could track growing MT ends at low
expression levels (Figure 4D), colocalized with actin fibers at
elevated expression levels, and could promote MT-actin coal-
ignment, especially in the presence of elevated levels of EBs
(Figure 4E; Figure S3F). These results suggest that, similar to
spectraplakins [24, 25], GAS2L1 and GAS2L2 proteins can
potentially promote interactions of dynamic MTs with the
actin cytoskeleton.
Other newly identified +TIPs, such as filamin-destabilizing
protein FILIP1 [26], cortactin-binding protein 2 [27], and Sickle
tail [28], the paralogue of a neuronal actin regulator p140Cap
[29, 30], are also likely involved in MT-actin crosstalk (Figures
S4A and S4B). Among the remaining +TIPs identified here, the
majority represented poorly characterized proteins containing
Figure 3. Membrane-Associated +TIPs
(A) Schemes of the domain structure of EB binding proteins. Abbreviations: CC, coiled coil.
(B) Live images of GFP-AMER2 and EB3-mRFP obtained by TIRF microscopy in MCF7 cells. The images are acquired with 500 ms exposure time at the
indicated time points. Red arrowhead represents an EB3 comet that acquires the GFP signal as it comes into contact with the membrane, yellow arrowhead
represents an EB3 comet that leaves the membrane, and green arrowhead represents an EB3 comet that does not interact with the membrane. See also
Movie S2.
(C) Two color kymographs illustrating the accumulation of GFP-AMER2 (green) at the EB3-mRFP-positive MT ends (red). Note that the growth rate of EB3-
mRFP labeled MT tips was significantly reduced during the periods when they were strongly decorated with GFP-AMER2.
(D and E) AMER2 colocalizes with EB3 in cortical regions with low actin accumulation. Images were obtained by TIRF microscopy in U2OS cells expressing
the indicated constructs (D). The arrow indicates AMER2-positive EB3 comets at the cell edge outside of the actin-enriched areas. The inset shows that an
enlargement of an AMER2-positive growing MT plus end encountering an actin fiber, which prevents its progression as shown in the kymograph in (E).
(F) Quantification of actin intensity at the sites corresponding to EB3 and AMER2 double-positive MT tips and EB3-positive but AMER2-negative comets.
The intensities were normalized by themean actin intensity in each cell after background subtraction. Values are significantly different as indicated by aster-
isks (***p < 0.001).
(G and H) Actin depolymerization increases the attachment between membrane and dynamic MTs. Images were obtained in U2OS cells expressing GFP-
AMER2, EB3-TagBFP, andmCherry-actin by TIRFmicroscopy. (G) Before adding actin depolymerizing drug latrunculin B (2 mM), only a few AMER2-positive
comets can be found at the edge of cell (20:05’, green arrowheads). Actin depolymerization coincides with the increase in the number of AMER2-positive
EB3 comets at the plasmamembrane (see alsoMovie S3). The cell edge is indicated by red stippled line. (H) A representative curve showing quantification of
the percentage of AMER2-positive EB3 labeled growing MT ends before and after latrunculin B treatment in U2OS cells.
(I) Live cell images of GFP-syntabulin and EB3-mRFP in HeLa cells. The images are acquired with 500 ms exposure time at the indicated time points. Two
EB3 comets aremarked by an arrow and arrowhead, respectively. GFP-syntabulin colocalizes with the rear half of the EB3 comet in the last frame (white and
red arrowheads).
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Figure 4. +TIPs Involved in Signaling and Actin-Binding
(A) Schemes of the domain structure of EB binding proteins. Abbreviations: CH, calponin homology (actin binding domain in GAS2L1 and GAS2L2 proteins);
GAR, GAS2 related (MT-binding domain in GAS2L1 and GAS2L2 proteins); Note that in MARK1, the SxIP motifs are located next to the kinase domain and in
the middle of the protein, which might sterically hinder the interaction with MTs.
(B) Images of fixed U2OS cells expressing the indicatedGFP fusion proteins. All constructs show clear plus-end localization at low expression levels. Kinase
dead (KD) mutants were generated by introducing K63R or K50R mutations in TTBK1 or TTBK2, respectively.
(C and D) Live cell images of the indicated GFP fusion proteins in COS-7 cells prepared in the same way as in Figures 2F and 2G.
(E) Images of fixed COS-7 cells coexpressing the indicated GFP fusion proteins and EB3-TagBFP. The cells that are cotransfected with GFP-GAS2L1 and
GAS2L2 and EB3-TagBFP show strong overlap between F-actin and EB3-decoratedMTs, indicating that GAS2L1 and GAS2L2 can promote EB-dependent
interactions of growing MT tips with the actin network or MT guidance along actin fibers.
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(Figures S4A and S4B).
EB Proteins Display Different Affinity for SxIP-
Containing +TIPs
Previous studies showed that EB2 displayed lower affinity for
several partners compared to EB1 and EB3 [31–33]. To quan-
tify the differences in binding partners between the three EBs,
we focused on the results of biotinylation-tag-based pull-
downs. In this experiment, the three EBs were expressed in
eukaryotic cells at similar levels and isolated together with
their partners in a single-step procedure, making biases due
to protein purity, stability, or posttranslational modifications
less likely. Although the amounts of isolated EB1, EB2, and
EB3 were very similar (Figure S1B), more +TIPs were identified
in the EB1 and EB3 pull-downs than in the EB2 sample, and
most of the ones identified in all three samples were leastabundant in the EB2 sample (Figures S4C and S4D),
whereas +TIP abundance in EB1 and EB3 pull-downs was
similar. These data confirm the view that EB2 binds to SxIP
motifs with a lower affinity and that its functions might be
distinct from those of EB1 and EB3 [34].
Discussion
By using a combination of mass spectrometry and bio-
informatics, we have identified a broad group of previously
unknown EB partners that can track growing MT ends. The
number of SxIP-containing +TIPs will likely increase further,
because some of the newly identified +TIPs were part of
a considerable and not yet fully tested protein list based exclu-
sively on the bioinformatics search. However, it is unlikely that
a large new group of EB-binding +TIPs will be found: the
majority of the proteins identified as potential EB partners by
Current Biology Vol 22 No 19
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Gly motifs or bind to EBs through SxIP or CAP-Gly proteins.
SxIP thus represents the major MT tip localization sequence
(MtLS) (Figure S4E). Global quantification of protein expres-
sion [35] showed that EB1 is significantly more abundant
than any of the SxIP partners (see legend to Table S1E),
suggesting that it can recruit multiple proteins to MT tips
simultaneously.
Do all EB partners that can track MT ends when expressed
as GFP fusions represent true +TIPs? Imaging experiments
suggest that when a given EB partner can diffuse within
a compartment accessible to growing MT ends, it will concen-
trate on these ends. If a protein is tightly bound to another
cellular structure, it will show no plus-end tracking behavior;
however, its interaction with EBs can still be relevant to
connect growing MT ends to other cellular structures. There-
fore, the really important question is whether the particular
SxIP motif-mediated interaction with EB-bound MT tips is
functionally relevant. For SxIP proteins as a whole, this ques-
tion can be addressed by replacing the cellular pool of EB
proteins with an EB mutant containing substitutions in the
C-terminal domain that disrupt the SxIP-EB interaction [36].
For each individual SxIP protein, substitution of the wild-
type protein with an SxIP motif mutant (for example, by
exchanging the isoleucine and proline residues to aspara-
gines; [3]) can provide information on the functional signifi-
cance of its binding to EB.
A key outcome of this study is the demonstration that +TIPs
are a significantly larger group of proteins than previously
thought. These proteins will need to be taken into account
when searching for the molecular basis of complex cytoskel-
eton-based phenomena. In a broader context, the approaches
used in this study can be applied to other classes of protein
motifs to discover their proteome-wide occurrence and their
contribution to the global protein interaction networks.
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